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Introduction: The orthographic depth hypothesis (Katz and Feldman, 1983) posits that 
different reading routes are engaged depending on the type of grapheme/phonenne 
correspondence of the language being read. Shallow orthographies with consistent 
grapheme/phoneme correspondences favor encoding via non-lexical pathways, where 
each grapheme is sequentially mapped to its corresponding phoneme. In contrast, 
deep orthographies with inconsistent grapheme/phoneme correspondences favor lexical 
pathways, where phonemes are retrieved from specialized memory structures. This 
hypothesis, however, lacks compelling empirical support. The aim of the present study 
was to investigate the impact of orthographic depth on reading route selection using a 
within-subject design. 

Method: We presented the same pseudowords (PWs) to highly proficient bilinguals and 
manipulated the orthographic depth of PW reading by embedding them among two 
separated German or French language contexts, implicating respectively, shallow or deep 
orthography. High density electroencephalography was recorded during the task. 

Results: The topography of the ERPs to identical PWs differed 300-360 ms post-stimulus 
onset when the PWs were read in different orthographic depth context, indicating distinct 
brain networks engaged in reading during this time window. The brain sources underlying 
these topographic effects were located within left inferior frontal (German > French), 
parietal (French > German) and cingular areas (German > French). 

Conclusion: Reading in a shallow context favors non-lexical pathways, reflected in 
a stronger engagement of frontal phonological areas in the shallow versus the deep 
orthographic context. In contrast, reading PW in a deep orthographic context recruits 
less routine non-lexical pathways, reflected in a stronger engagement of visuo-attentional 
parietal areas in the deep versus shallow orthographic context. These collective results 
support a modulation of reading route by orthographic depth. 

Keywords: reading, pseudoword, orthographic depth, grapheme-phoneme conversion, dual-route model, EEG, ERP, 
bilingual 



INTRODUCTION 

Grapheme to phoneme conversion is a critical step in reading 
processing, as notably evidenced by its role in literacy acquisi- 
tion (Goswami, 1998; Seymour etal, 2003; Huang etal., 2004; 
Lallier etal., 2013) and, when impaired, in the emergence of 
language-related disorders including dyslexia (Goswami, 1998; 
Wheat etal., 2010). Referred to as orthographic regularity, the 
rules of grapheme to phoneme conversion vary considerably across 
stimuli and languages. Consequently, reading strategies must be 
adjusted depending on the writing systems involved (in terms 
of orthographic transparency-opacity; Katz and Feldman, 1983). 
However, how reading strategies and the underlying brain net- 
work are actually modified when reading languages with different 
orthographic regularities remains largely unresolved. 



According to the dual route cascade model (Coltheart etal., 
2001; for a review see Jobard etal, 2003), after letter iden- 
tification, word reading processing may foUow two pathways 
mapping differently graphemes to phonemes. On the non-lexical 
pathway, each grapheme is sequentially mapped to its correspond- 
ing phoneme (grapho-phonological assembling). The non-lexical 
route has been advanced to be predominantly involved when 
reading unfamiliar words or letter strings (non-words; Colt- 
heart etal., 2001; Proverbio and Zani, 2003; Proverbio etal., 
2004; Heim etal, 2005; Lu etal, 2011). In contrast, the read- 
ing of familiar words may preferentially involve the faster lexical 
pathways, where phonemes are retrieved from memory struc- 
tures, i.e., from orthographic and phonological lexical entries 
(lexico-semantic access; Coltheart etal., 2001; Proverbio and 
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Zani, 2003; Proverbio etal, 2004; Lu etal, 2011; Fisher etal, 
2012). 

Studies identifying the neural correlates of the two routes by 
contrasting word versus pseudoword (PW) reading yielded diverg- 
ing results. In reading tasks, greater activation for PWs than words 
was found in both, left occipito-temporal and inferior frontal 
regions (Xu etal., 2001; MecheUi etal, 2003; Kronbichler etal., 
2004; Binder etal., 2005). In contrast, studies using lexical deci- 
sion tasks have reported greater activation for words than PWs 
in left occipito-temporal cortices, along with stronger or equiv- 
alent activation to PWs in left inferior frontal regions (Fiebach 
etal, 2002; Rissman etal, 2003; Ischebeck etal., 2004; Binder 
et al., 2005). Finally, evidence has been found for an equal engage- 
ment of occipito-temporal regions in early word and PW reading 
(Jobard etal., 2003; Wilson etal., 2007). In a review of 35 neu- 
roimaging studies, Jobard etal. (2003) suggest that pre-lexical 
processing does not differentiate between words and PWs and 
the selection in favor of one route occurs at later stages. On 
the non-lexical route, after pre-lexical processing, regular words 
and PWs are encoded via grapho-phonological conversion. The 
grapho-phonological route relies on left superior temporal, supra- 
marginal, and inferior frontal areas (pars opercularis; BA 44). 
On the lexical route, after pre-lexical processing, regular and 
irregular words are encoded via lexico-semantic representations. 
These lexico-semantic areas involve basal inferior and posterior 
middle temporal and inferior frontal areas (pars triangularis; 
BA45). 

More recent studies confirmed these results by linking the 
lexical processing of words to bilateral posterior cingular, inferior- 
middle temporal and temporo-parietal regions (Ischebeck etal., 
2004). In contrast, left posterior superior temporal (Graves etal., 
2008), supramarginal (Roux etal., 2012) and inferior frontal 
regions (Ischebeck et al, 2004; Nixon et al, 2004; Heim et al, 2005; 
Rodriguez-Fornells et al., 2006; Wheat et al., 2010) were identified 
to subserve non-lexical word and PW processing. 

In addition, lesion-based studies of acquired dyslexia found that 
surface dyslexia, where due to impaired lexical pathways patients 
are able to read pronounceable PWs and unable to read (irregu- 
lar) words, goes in line with deficits in inferior temporal (Mechelli 
etal., 2005; Price and Mechelli, 2005), anterior temporal (Wool- 
lams etal, 2007) and anterior inferior frontal regions (Mechelli 
etal, 2005). In contrast, phonological dyslexia with impaired 
non-lexical pathways, where patients are able to read most high- 
frequency words (i.e., regular and irregular) and unable to process 
simple PWs, has been linked to deficits in left inferior-parietal 
(Rapcsak etal, 2009) and left inferior frontal regions (Feiz etal., 
2006). 

The inconsistent findings related to the anatomical underpin- 
nings of reading routes may be due to differences in tasks applied, 
ranging from reading paradigms (Mechelli et al., 2003; Kronbich- 
ler et al., 2004; Binder et al., 2005) to lexical decision (Fiebach et al., 
2002; Rissman et al., 2003; Ischebeck et al., 2004; Binder et al, 2005; 
Wilson etal, 2007) and rhyming tasks (Xu etal, 2001). In addi- 
tion, the results may be impacted by differences of the stimuli used 
(especially differences in the lexicality of PWs) . Finally, differences 
in the orthography of the language investigated may have influ- 
enced the findings, as some studies investigated languages with 



regular (Fiebach etal, 2002; Ischebeck etal., 2004; Kronbichler 
etal, 2004) and irregular (Xu etal., 2001; MecheUi etal., 2003; 
Rissman et al, 2003; Binder et al, 2005; Wilson et al, 2007; Wheat 
etal., 2010) orthographies. 

In addition to the degree of the lexicality or familiarity of 
the words being read, the orthographic depth hypothesis (Katz 
and Feldman, 1983; Katz and Frost, 1992) posits that the dif- 
ferential engagement of each reading pathway depends on the 
transparency of the language's grapheme to phoneme correspon- 
dence. Shallow orthographies (e.g., German and Italian) with 
consistent grapheme to phoneme correspondences favor encod- 
ing via non-lexical pathways (assembled reading strategy), whereas 
deep orthographies (e.g., French and English), with an inconsis- 
tent grapheme to phoneme correspondence favor lexical pathways 
(addressed reading strategy). 

Of note, the engagement of a given pathway is not exclusive, i.e., 
reading processing generally involves both routes, but one route 
maybe predominantly activated compared to the other depending 
on the orthographic depth index of the language (Heim et al., 2005; 
Mousikou etal, 2010; Timmer etal., 2012). 

Only few studies have brought evidence for a modulation of 
brain activity during reading by orthographic depth of the used 
language. In a PET study contrasting English and Italian monolin- 
guals, Paulesu et al. (2000) observed that English readers showed 
stronger activations than Italian readers within areas suggested 
to be involved in irregular word reading (left posterior inferior 
temporal and anterior inferior frontal). By contrast, monolingual 
Italian readers showed stronger activity than English readers in 
areas involved in phonological transcoding processing (left supe- 
rior temporal). Simon etal. (2006) further showed on French 
monolinguals and French-Arabic bilinguals (with Arabic being 
the deeper orthography) that the N320 electroencephalography 
(EEG) component differentiated reading French words and PWs 
and Arabic words. The 300 ms latency has been associated with 
orthographic-linguistic processing, especially spelling-to-sound 
conversion (Bentin et al., 1999; Huang et al., 2004; Proverbio et al, 
2004; Simon etal, 2004, 2006; Grainger etal, 2006; Hauk etal, 
2006; Ashby etal, 2009; Carreiras etal., 2009). Similarly in a 
study examining Hebrew bilinguals with a shallow and deep ver- 
sion of Hebrew script, Bar-Kochva and Breznitz (2012) showed 
larger event-related potential (ERP) amplitudes to the deep script 
340 ms after word onset. Using the same paradigm with Hebrew 
bilinguals. Frost ( 1994) showed larger word frequency and seman- 
tic priming effects when reading words written in deep compared 
to shallow script. The author interpreted their results in terms 
of facilitated semantic access due to predominant engagement of 
lexical pathways. 

Of note, relative early latencies have also been found to be crit- 
ically engaged in graphemic/phonologic conversion. Wheat et al. 
(2010) found neurophysiological correlates to phonological pro- 
cessing starting as early as 100 ms after word onset in English 
readers. Proverbio and Zani (2003) and Sereno et al. (1998) found 
differences at 160 ms after word onset to support grapheme to 
phoneme conversion in Italian and English readers, respectively. 
In contrast, relatively late latencies were found in a rhyme task con- 
ducted by Rugg (1984), Rugg and Barrett (1987), suggesting the 
N450 to be critical for phonological processing. However, studies 
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evidencing for an early (<200 ms; Sereno etal., 1998; Proverbio 
and Zani, 2003; Wheat etal, 2010), resp. late (>400ms; Rugg, 
1984; Rugg and Barrett, 1987) grapho-phonological processing 
did not directly manipulate the impact of orthographic depth on 
grapheme to phoneme conversion. In contrast, studies explicitly 
manipulating the effect of orthographic depth consistently report 
latencies around 300 ms (Simon etal, 2006; Bar-Kochva and 
Breznitz, 2012) to be critically engaged in grapheme to phoneme 
mapping. 

Collectively, the results indicate that a modulation of ortho- 
graphic depth may impact reading routes around 300 ms after 
stimulus onset. Grapheme to phoneme mapping in languages 
with shallow orthographies seems to rely on regions involved 
in grapho-phonological processing (superior temporal, supra- 
marginal and opercular inferior frontal regions), indicating an 
activation of non-lexical pathways. In contrast, grapheme to 
phoneme mapping in languages with deep orthographies seem 
to rely on regions involved in lexico-semantic processing (inferior 
and middle temporal and triangular inferior frontal regions), indi- 
cating an activation of lexical pathways. Thus, orthographic depth 
may indeed impact reading route selection. 

However, because previous studies used between-subject or 
cross-language designs, the conclusions about the effect of ortho- 
graphic depth that can be drawn from current literature are 
limited. In between-subject designs (Paulesu etal., 2000), inter- 
subject heterogeneity resulting from a variety of socio-cultural 
differences may indeed account for the observed effects. For exam- 
ple, the differences found in the cited studies may reflect different 
reading habits, differences in education or intelligence across 
groups rather than differences in orthographic processing across 
languages. One way of minimizing confounds arising from inter- 
subject comparisons is to investigate reading in bilingual subjects. 
Since there is evidence for a certain degree of independency in 
word processing for each language (Soares and Grosjean, 1984; 
Rodriguez-Fornells etal, 2006; Kovelman etal, 2008), bilingual- 
ism is an advantageous model to investigate reading strategies. 
Bilinguals, particularly natural bilinguals, have the possibility to 
engage in several language modes independently, i.e., to adapt to 
the specific linguistic constraints of a language (Soares and Gros- 
jean, 1984; Rodriguez-Fornells etal., 2006). A bilingual reader, 
being native in a shallow and a deep language, should thus be 
able to apply an assembled strategy when reading the shallow 
orthography and an addressed strategy when reading the deep 
orthography. However, so far studies on reading strategies in 
bilinguals applied cross-language designs (Simon etal, 2006) or 
altered scripts within one language (Frost, 1994; Bar-Kochva and 
Breznitz, 2012). In cross-language designs, the effect of ortho- 
graphic depth may be confounded with effects resulting from 
comparison across different linguistic stimuli. The same holds for 
comparisons between different stimuli within one language, as the 
impact of orthographic depth may be confounded with physical 
differences between the visual stimuli. 

The aim of the present study was to investigate the impact of 
orthographic depth on reading route selection using an experi- 
mental design excluding possible effects related to differences in 
stimuli or readers. We presented the same PWs to highly profi- 
cient bilinguals and manipulated the orthographic depth of PW 



reading by embedding them among two separated language con- 
texts respectively implicating shallow or deep orthography. The 
use of PWs as target stimuli will probably strengthen non-lexical 
processing independent of language contexts. In contrast, the 
reading route predominantly engaged during a language con- 
text will depend on its orthographic depth: the deep language 
context may strengthen lexical and the shallow language con- 
text non-lexical pathways. Consequently, if orthographic depth 
modulates reading routes, reading in the shallow context will sup- 
port the non-lexical pathways routinely recruited to process PWs. 
In contrast, non-lexical pathways routinely recruited to process 
PWs may be less engaged when reading in the deep compared to 
the shallow context. Together, we predict a differential engage- 
ment of non-lexical pathways between pre-lexical and semantic 
processing stages (~300 ms) reflected in a stronger activation of 
grapho-phonological (superior temporal, supramarginal and infe- 
rior frontal) areas in the shallow versus the deep language context 
when reading identical PWs across language context. The study 
of early/high proficient bilinguals enabled controlling for socio- 
cultural effects and the use of identical stimuli across conditions 
for effects due to linguistic and/or physical differences, thus isolat- 
ing the effect of orthographic depth in the 1 versus 1 within-subject 
design. 

MATERIALS AND METHODS 
PARTICIPANTS 

Fourteen healthy female French/German bilinguals participated 
in the study (all right-handed, Oldfield, 1971), aged 18-24 years 
(mean = 20.86 years, SD = 2.03 years). AH participants learnt 
French and German before the age of six and showed balanced 
high proficiency across languages according the bilingual ques- 
tionnaire they filled out (Table 1, see "Language evaluation"). No 
participant had a history of reading difficulties, neurological or 
psychiatric illness and all reported normal or corrected-to-normal 
vision. Each participant provided written, informed consent to 
participate in the study. The study was approved by the Ethics 
Committee of the University of Fribourg. 

LANGUAGE EVALUATION 

All participants filled out a questionnaire evaluating French and 
German language skills consisting of three parts (Table 1): immer- 
sion, self-evaluation and computer-based evaluation. To asses 
language immersion, participants were asked for the age of acquisi- 
tion, how long they lived in a region where predominantly German 
or French was spoken, which language they spoke with family 
members, during their childhood, in present activities, and if the 
language was acquired in school or out of school only. For the self- 
evaluation part, participants had to indicate in percentages how 
well they would estimate their reading, speaking, comprehension 
and writing skills. Finally, a sub-test from the computer-based 
DIALANG language diagnosis system (Zhang and Thompson, 
2004) was performed to evaluate reading performance. Here, the 
task was to indicate for each of 75 stimuli whether it was a correct 
word in the corresponding language or a (highly word-like) PW. 
The score ranged between 0 and 1000, with a score >900 being 
mother tongue (LI) level and a score from 601 to 900 being fuUy 
functional with little to no difficulty in reading. 
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Table 1 | French-German bilingualism characteristics of participants {N = 14). 



Variable 


French 

mean 


SD 


German 

mean 


SD 


p value (uncorrected) 


Age of acquisition (years) 


1.61 


2.21 


0.93 


1.87 


0.43 


Lived in region speaking (years) 


16.65 


6.33 


11.92 


9.34 


0.19 


Family (%) 


First language mother 


14 


35 


79 


41 


0.01* 


Language spoken with mother 


50 


50 


57 


49 


0.78 


First language father 


50 


50 


50 


50 


1.00 


Language spoken with father 


58 


49 


46 


50 


0.55 


Childhood (Age < 7 years) (%) 


Language taught in school 


48 


43 


52 


43 


0.88 


Language spoken with peers at school 


52 


44 


41 


43 


0.65 


Language spoken with family 


45 


32 


45 


32 


1.00 


Present (%) 


Spoken at work 


52 


26 


48 


26 


0.81 


Watching TV/listening radio 


30 


22 


66 


24 


0.01* 


Speaking with friends 


59 


22 


38 


21 


0.09 


Reading books 


43 


24 


54 


26 


0.45 


Mental arithmetic 


64 


35 


27 


31 


0.04* 


Learned (%) 


Learned in school only 


7 


26 


0 


0 




Learned "on road" only 


0 


0 


0 


0 




Learned at workplace only 


0 


0 


0 


0 




Self-evaluation (%) 


Speaking 


94 


6 


92 


11 


0.57 


Comprehension 


97 


4 


96 


5 


0.82 


Reading 


90 


11 


90 


12 


0.91 


Writing 


77 


22 


80 


17 


0.64 


Computer-based evaluation (min = 0; 


; max = 1000) 










DIALANG score 


852 


124 


864 


59 


0.77 



SD, standard deviation: *P < 0.05. 



STIMULI 

Target stimuli of the study were orthotactic (i.e., orthographically 
legal) PWs composed of 4 to 6 letters (to avoid eye movements). 
One hundred and twenty PWs were generated using WordGen 
software (Duyck et al., 2004) and matched for their lexical distance 
to French and German language respecting summated bigram 
frequency [the frequency of all adjacent letter pairs of an item: 
e.g., for the item "word" the frequencies of the bigrams "wo," 
"or" and "rd" were summed up; French mean = 14005, Ger- 
man mean = 13773; t{ll9) = 0.631, p = 0.53; WordGen, Duyck 
etal, 2004], neighborhood size [the number of existing words 
that can be obtained by changing one letter of the item; French 
mean = 1.57, German mean = 1.45; f(119) = 0.781, p = 0.44; 
WordGen, Duyck etal., 2004], bi- and tri-gram legality (Lex- 
ique, New etal., 2001; lexikalische Datenbank; lexical database 



(dlexDB), Digitales Worterbuch der deutschen Sprache; Digital 
Dictionary of the German Language (DWDS), Geyken, 2007), 
onset phoneme legality (PWs started with a phoneme frequently 
used as a first phoneme in real words; Lexique, New etal, 2001; 
dlexDB, DWDS, Geyken, 2007) and letter (position independent 
and onset letter) frequency, which was fitted to the letter frequency 
distribution of each language (Best, 2005; CorpusDeThomas- 
Tempe, retrieved May 2012). Examples of PWs include: Nate, 
Dand, Melle, Apase, Gantel, and Grutte. 

French and German words were presented in addition to the 
PWs to strengthen language context (see "Procedure and Task"). 
Four hundred and eighty French Words were selected from Lex- 
ique database (New etal, 2001) and 480 German Words were 
selected from CELEX database (Baayen etal, 1995). Words were 
closely matched across languages on length [WordGen, Duyck 
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French 
Word 




+ 




German 
Word 




+ 


669? 





■■>Deep context (French) 
Shallow context (German) 



472 ms 
) 



1200 - 1700 ms 



FIGURE 1 I Experimental paradigm. Each trial started with the 
presentation of a fixation cross of 400 ms duration, followed by a 
pseudo-randomly determined stimulus (66% word, 17% pseudoword, or 
17% symbols) displayed for 472 ms and terminated with a response 
window displaying a fixation cross with a random duration between 1200 
and 1700 ms. Production latencies were recorded throughout each trial. 
Target stimuli of the study were pseudowords (PWsl.To manipulate the 
orthographic depth of reading, the same PWs were embedded among two 
separated language context sessions: in the deep orthographic context, the 
words consisted of French and in the shallow orthographic context of 
German words. The order of language context sessions was randomized 
across participants. 



etal, 2004; French mean = 5 letters, German mean = 5 letters; 
f(958) = 0.000, p = 1.000], log-transformed lexical frequency 
[French mean = 1.59, German mean = 1.60; f(958) = 0.250, 
p = 0.803], neighborhood size [French mean = 3.31, German 
mean = 3.31; t{958) = 0.000, p = 1.000], summated bigram 
frequency [French mean = 11328, German mean = 11447; 
t{958) = 0.312, p = 0.755] and length in syllables [French 
mean = 1.52, German mean = 1.59; f(958) = 1.856, p = 0.064]. 
Examples of words include: Noel, Trou, Annee, Maman, Violon, 
and Esprit (French) and Maus, Kind, Draht, Seite, Pramie, and 
Losung (German). 

One hundred and twenty symbol strings (symbols) were cre- 
ated by changing the font of the PWs to "symbols" in MS Word 
(Microsoft Corporation, 2010). symbols were intended to be part 
of future research and were not analyzed in the present study. 
Examples of symbols are: Nate, AauS, MsXXe, Aita0E, FauteX, 
Fpuxxe. 

PROCEDURE AND TASK 

The task in this study was to read aloud French and German words, 
PWs and symbols displayed on a computer screen. 

Participants were seated in an electrically shielded and sound 
attenuated booth 90 cm in front of a 2 1-inch LCD screen. Stimulus 
delivery and response recording were controlled using E-Prime 2.0 
(Psychology Tools, Inc., Pittsburgh, PA, USA). Stimuli were pre- 
sented in the center of the screen and displayed in black font color 
on white background. Each trial started with the presentation of a 
fixation cross of 400 ms duration, followed by a pseudo-randomly 
determined stimulus (66% word, 17% PW or 17% symbol, see 
next paragraph) displayed for 472 ms to allow comfortable reading 
(Courier New, pt. 24). A response window displaying a fixation 
cross with a random duration between 1200 and 1700 ms was 
presented after the stimuli (inter trial interval; Figure 1). 

Since the aim of the study was to investigate the effect of ortho- 
graphic transparency on reading identical stimuli, orthographic 
depth of PW reading was manipulated by creating two sepa- 
rated language context sessions (experimental phase; Figure 1 ) . To 
strengthen French language context (deep orthography), the 120 
PWs (and 120 symbols) were embedded among 480 French words. 
In the French language context session, participants were asked to 
pronounce the PWs as if they were existing French words. To 
strengthen German language context (shallow orthography), the 
same 120 PWs (and 120 symbols) were embedded among 480 Ger- 
man words. In the German language context session, participants 
were asked to pronounce the PWs as if they were existing German 
words. The same procedure applied for the symbols, except that 
here, participants should try to recognize the symbols as lexical 
letter strings and pronounce them as if they were existing words 
in the given language (e.g., the symbol 'V( (zrore" could be read as 
"miwote"). E-Prime voice key was used to record audio responses 
and production latencies. 

At the beginning of each language context session, a short text 
written in the corresponding language was presented in order to 
activate the given language. Next, a 2 min training block with 
words (not included in experimental phase) in the language of the 
selected context session was started to familiarize the procedure 
and verify the apparatus, before initiating the experimental phase. 



To reduce fatigue, stimuli presentation of one language context 
session was divided into four blocks separated by 1-2 min breaks. 
One block comprised of randomly selected 30 PWs, 30 symbols, 
and 120 words and lasted around 6 min. The order of blocks was 
randomized across participants. Both language context sessions 
were separated by a pause of at least 10 min. The order of language 
context sessions was randomized across participants. 

EEG ACQUISITION AND PREPROCESSING 

Continuous EEG was acquired at 1024 Hz through a 128-channel 
Biosemi ActiveTwo system (Biosemi, Amsterdam, Netherlands) 
referenced online to the CMS-DRL ground, which functions as 
a feedback loop driving the average potential across the montage 
as close as possible to the amplifier zero. Electrode impedances 
were kept below 20 kOhm. EEG data preprocessing and analyses 
were conducted offline using Cartool (Brunet etal, 2011). EEG 
epochs from 100 ms pre-stimulus to 500 ms post-stimulus onset 
(i.e., 102 data points before and 512 data points after stimulus 
onset) were averaged and ERPs were calculated for each partici- 
pant and condition (PW in French context versus PW in German 
context), symbols were excluded from analyses of the present 
study as they were intended to be the focus of future research. 
EEG epochs containing eye blinks or other noise transients were 
removed after visual inspection in addition to a ± 80 \iV artifact 
rejection criterion at any channel. Data were band-pass filtered 
(0.18-40 Hz), notch filtered at 50 Hz and recalculated against 
the average reference. By removing slow drifts at the single epoch 
level, the high-pass filter resulted in a baseline correction on the 
whole epoch. Before group averaging, data at artifact electrodes 
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from each participant were interpolated using a 3-dimensional 
spline algorithm (Mean 6.25% interpolated electrodes; Perrin 
etal, 1987). The average number ( ± SEM) of accepted epochs 
was 109 ± 2.90 for PWs in French context and 110 ± 2.11 for 
PWs in German context. These values did not differ statistically 
[f(13) = 0.377, p = 0.712], ruling out that our effects result from 
differences in signal-to-noise ratios across conditions. 

STATISTICAL ANALYSES 
Behavioral analysis 

Response accuracy of PWs and words was assessed by auditory 
inspection of the audio files generated with E-Prime to determine 
whether different language contexts were created successfully. 
Expected pronunciations were a priori defined by a native German 
and a native French speaker. Five types of errors were defined: 
language intrusion (complete or partial German pronunciation 
in French context or complete or partial French pronunciation 
in German context), orthography (adding, exchanging or omit- 
ting letters), phonology (unusual phonological coding of correct 
orthographic form), intonation (wrong lexical stressing), and 
other errors leading to an incorrect response (e.g., abortion, 
correction, no response, pronunciation in a third language). 

Examples of language intrusions demonstrated on the PWs 
"nate" (correct response German = ['naits]; correct response 
French = [nat] ), "melle" (correct response German = ['msb] ; cor- 
rect response French = [mel] ) and "apsase" (correct response Ger- 
man = [a'pa:z3]; correct response French = ['apa:z]) are: ['na:t3] 
resp. ('meb] (both complete) or ['apa:z3] (partial) in French con- 
text and [nat] resp. [mel] (both complete) or [a'pa:z] (partial) 
in German context. Examples for orthographic errors demon- 
strated on the PW "grutte" (correct response German = ['gruta]; 
correct response French = [gRyt]) are: ['guts] or ['gurta] in Ger- 
man and [gyt] or [gyrt] in French. Examples for phonological 
errors demonstrated on the PW "dand" (correct response Ger- 
man = [dant]; correct response French = [da]) are: [tand] in 
German context and [dad] in French context. Examples for into- 
nation errors demonstrated on the PW "gantel" (correct response 
German = ['gantl]; correct response French = ['gatel]) are: 
[gan'tel] in German context and [ga'tel] in French context. Pho- 
netic notations are represented according to the International 
Phonetic Alphabet (IPA; International Phonetic Association). 

To investigate whether response accuracy rates differentiate or 
interact across conditions, a 2 x 2 repeated-measures analysis 
of variance (ANOVA) with factors language context (French vs. 
German) and Stimulus Type (Words vs. PW) was performed. In 
addition, a paired t-tesi was performed contrasting PWs in French 
context versus PWs in German context. 

To investigate whether error types in PW reading differentiate 
across language contexts, a one-way repeated-measures multi- 
variate analysis of variance (MANOVA) was performed, language 
context (French, German) was included into the analysis as inde- 
pendent and Language Intrusion Errors, Orthographic Errors and 
Phonological Errors in PW reading were included as dependent 
variables. Due to low incidences (see first paragraph of "Behav- 
ioral Results"), intonation errors and errors labeled as "other" 
were excluded from the analysis to increase statistical power. A 
series of one-way univariate analyses were performed as post hoc 



tests. To counteract alpha inflation due to multiple hypotheses 
testing in univariate analyses, Bonferroni correction was applied 
and significance threshold set at p < 0.02 (Dunn, 1961). 

Production latencies [reaction times (RT)] were assessed with a 
speech analysis software (Praat; Boersma and Weenink, 2013) and 
compared across language context and Stimulus Type to determine 
whether they varied with the manipulated factors. Twelve partic- 
ipants were included into behavioral analyses and two had to be 
excluded due to invalid recordings. Trials containing RTs exceed- 
ing ± 2 standard deviations (SD) from the mean were considered 
as outliers/errors and excluded from analysis, which resulted in 
the removal of a total of 3% of trials from French context con- 
dition (mean number of excluded words = 15; mean number of 
excluded PWs = 4) and 3% of trials from German context con- 
dition (mean number of excluded words = 14; mean number of 
excluded PWs = 3). 

To investigate whether production latencies differentiate or 
interact across conditions, a 2 x 2 repeated-measures ANOVA 
with factors language context (French vs. German) and Stimulus 
Type (Words vs. PW) was performed. In addition, a paired f-test 
was performed contrasting PWs in French context versus PWs in 
German context. 

Unless otherwise stated, significance threshold was set at 
p < 0.05. AH data analyses were performed using IBM SPSS 
Statistics 19 (2012). 

ELECTRICAL NEUROIMAGING ANALYSIS 
ERP waveform analyses 

Waveform analyses were performed to determine time periods 
where ERP amplitude differences occurred between the conditions 
PWs in French context versus PWs in German context. 

Time-frame wise paired f-tests were computed between the 
evoked potentials to the PW read in the French vs. in the German 
context for each electrode. Only differences lasting at least 1 1 time 
frames were retained with an alpha criterion of 0.05. 

Topographic patterns analyses 

A topographic pattern analyses was applied to the ERP to deter- 
mine whether and when distinct configurations of brain network 
were engaged in response to the PWs when read in the French 
vs. German context. This approach is based on evidence that 
the ERP map topography does not vary randomly across time, 
but remains quasi-stable over 20-100 ms functional microstates 
before rapidly switching to other period of stable topography 
(Lehmann and Skrandies, 1980; Michel etal, 2004; Murray etal, 
2008; Britz and Michel, 2011). Spatio-temporal segmentation 
summarizes ERP data into a limited number of topographical map 
configurations and identifies time periods during which different 
conditions evoke different configurations of the electric field at 
scalp. Because a change in the topography of the scalp-recorded 
electric field necessarily follows from a change in the configuration 
of the underlying brain's active generators, topographic modula- 
tions can be directly interpreted as the engagement of distinct 
brain networks (e.g., Lehmann and Skrandies, 1980). 

The most dominant topographic maps appearing in the visual 
evoked potentials (VEPs) of the group-averaged ERPs from each 
condition over time were identified with a modified hierarchical 
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cluster analysis, the topographical atomize and agglomerative hier- 
archical clustering (T-AAHC; Murray etal, 2008). The optimal 
number of clusters to describe the data set was identified using a 
modified Krzanowski-Lai criterion (Tibshirani et al., 2001). Then, 
differences in the pattern of maps observed between conditions 
in the group-averaged data were statistically tested by compar- 
ing the spatial correlation between these template maps from 
the group-averaged data and each time point of single-subject 
data from both experimental conditions. For this procedure, 
referred to as "fitting," each time point of each ERP from each 
subject was labeled according to the map with which it best cor- 
related spatially (see Brandeis etal, 1995; Murray etal., 2008). 
The output of fitting is a measure of relative map presence in 
milliseconds, which indicates the amount of time over a given 
interval that each map, which was identified in the group-averaged 
data, best accounted for the response from a given individual 
subject and condition. Repeated-measures ANOVA was applied 
with the factors Condition (PWs in French, PWs in German) 
and Maps to analyze whether map presence is depending on 
condition. 

The present multivariate topographic analyses have the advan- 
tage of being reference-independent (Michel etal, 2001, 2004) 
and insensitive to pure amplitude modulations across conditions 
as topographies of normalized maps are compared. Therefore, 
this approach is not biased by a priori hypotheses about electrode 
location(s) or period of interests (POIs) at which effects might 
be expected unlike classical analyses of single-electrode average 
evoked potentials (Tzovara et al, 2012). 

Electrical source estimations 

Electrical source estimations were calculated using a distributed 
linear inverse solution and the local autoregressive average 
(LAURA) regularization approach^ (Grave de Peralta etal., 2001, 
2004). The results of the above topographic pattern analysis 
defined the time period over which intracranial sources were esti- 
mated and statistically processed. ERPs for each participant and 
condition (PW in French context versus PW in German context) 
were first time-averaged over the period showing a significant 
topographic modulation. Then, intracranial sources were esti- 
mated for the resulting one time-sample ERP for each participant 
and condition and statistically compared at each solution point 
between the PWs in French context Condition versus PWs in Ger- 
man context condition using paired f-tests. The solution space 
included 3005 nodes, selected from a 6mm x 6mm x 6 mm grid 
equally distributed within the gray matter of the averaged brain 
of the Montreal Neurological Institute (MNI; courtesy of Grave 
de Peralta Menendez and Gonzalez Andino, University Hospital 
of Geneva, Geneva, Switzerland). In order to control for mul- 
tiple comparisons, only solutions with a minimal cluster size of 
15 consecutive points (k^) were retained (see also De Lucia etal. 



^ LAURA inverse solution is a weighted minimum norm method together with the 
LAURA regularization approach. The LAURA method calculates a current den- 
sity value at each solution point. The local auto-regressive average regularization 
approach describes the spatial gradient across neighboring solution points {Grave 
de Peralta etal, 2004; Michel etal., 2004). Specifically, the strength of the source 
regresses with distance according to electromagnetic laws (i.e., the square root of 
the distance). 



2010; Knebel and Murray, 2012). Significance threshold was set at 
p < 0.05. 

RESULTS 

BEHAVIORAL RESULTS 

Mean accuracy (SD) on the whole group of 12 subjects were 
for Words in French context 98% (7%), words in German con- 
text 98.5% (8%), PWs in French context 93% (4%) and PWs 
in German context 93% (3%). For words in French context, 0% 
intrusion, 0.23% (2.43%) orthographic, 01.06% (6.47%) phono- 
logical, 0.38% (2.34%) intonation and 0.16% (2.49%) other errors 
were observed. For PWs in French context, 3.8% (4.09%) intru- 
sion, 1.88% (2.13%) orthographic, 1.03% (1.23%) phonological, 
0.48% (0.76%) intonation and 0 % other errors were observed. For 
words in German context, 0% intrusion, 0.38% (3.24%) ortho- 
graphic, 0.35% (3.30%) phonological, 0.59% (5.16%) intonation 
and 0.16 % (2.49%) other errors were observed. For PWs in Ger- 
man context, 3.4% (3.15%) intrusion, 2.8% (1.75%) orthographic, 
0.13% (0.37%) phonological, 0.3% (0.47%) intonation, and 0.13 
% (0.37%) other errors were observed. 

Repeated-measures ANOVA with factors language context 
(French vs. German) and Stimulus Type (Words vs. PW) was 
performed to investigate whether accuracy rates differentiate or 
interact across conditions. This analysis revealed no main effect of 
language context [F(l,ll) = 0.85, p = 0.378, r]j = 0.071], a main 
effect of Stimulus Type [f(l,ll) = 33.09, p < 0.001, r]^ = 0.751] 
and no interaction between language context and Stimulus Type 
[f (1,11) = 0.12, p = 0.741, Ti^ = 0.010]. Paired t-test showed no 
difference in accuracy rates between PW in French context and 
PW in German context [t{ll) = 0.61, p = 0.553, = 0.33). 

Repeated-measures MAN OVA with language context (French, 
German) as independent and Language Intrusion Errors, Ortho- 
graphic Errors and Phonological Errors as dependent variables 
was performed to investigate whether error types in PW reading 
differentiate across language contexts. This analysis revealed a sig- 
nificant multivariate effect for language context [_F(3,11) = 6.28, 
p = 0.010, Wilk's A = 0.369, Tip = 0.631]. Post hoc univariate tests 
showed that the depended variable "Phonological Errors" signifi- 
cantly differentiated across French and German language contexts 
(French > German; f (1,13) = 13.30, p = 0.003, r]^= 0.506). No 
statistical difference was found across language contexts for the 
dependent variables "Language Intrusion Errors" [-F(l,13) = 0.10, 
p = 0.759, Ti^ =0.008] and"OrthographicErrors"[f(l,13) = 3.72, 
p = 0.076, Ti^ = 0.223]. 

Mean RTs (SD) on the whole group of 12 subjects were for 
words in French context 720 ms (168 ms). Words in German con- 
text 706 ms ( 165 ms), PWs in French context 730 ms (172 ms) and 
PWs in German context 718 ms (164 ms). 

Repeated-measures ANOVA with factors language context 
(French vs. German) and Stimulus Type (Words vs. PW) was per- 
formed to investigate whether production latencies differentiate or 
interact across conditions. This analysis revealed no main effect of 
language context [_F(1, 11) = 2.59,p = 0.136, i]^= 0.191), no main 
effect of stimulus type [P(l,ll) = 0.02, p = 0.883, ri^= 0.002] 
and no interaction between language context and stimulus type 
[_F(1,11) = 0.96, p = 0.349, = 0.080]. Paired Mest showed 
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no difference between PW in French context and PW in German 
context [f(ll) = 1.58, p = 0.143, rjj =0.03]. 

ELECTRICAL NEUROIMAGING RESULTS 
ERP waveforms 

Evoked potential waveforms to the PWs presented in the two 
language context are depicted in Figure 2 for seven exemplar 
electrodes and in Figure 3A for all 128 electrodes. 

Paired f-tests between the ERP to the PWs in the French context 
versus in the German context revealed an increase in the number 
of electrodes showing a statistically significant difference over the 
time interval of 220-360 ms post-stimulus onset [p < 0.05, > 1 ms. 
Figure 3B]. 

Topographic pattern analysis 

Agglomerative hierarchical clustering was applied on the ERPs to 
identify the pattern of predominating topographic maps of the 
electric field at the scalp in the cumulative group-averaged data. 
The output of the topographic pattern analysis is displayed in 
Figure 3C. The global explained variance of the T-AAHC analysis 
was 97%. The topographic pattern analysis identified the same 
sequence of stable topographic maps for group-averaged ERPs 
from the French context and German context condition, except for 



the 300-360 ms post-stimulus onset time period. Over this period, 
different maps were observed for the PW in French context ver- 
sus German context conditions. The reliability of this observation 
at the group-average level was assessed at the single-subject level 
using a spatial correlation fitting procedure (see "Material and 
Methods"). The individual-subject fitting revealed a significant 
interaction between language context condition and map over the 
300-360 ms period [-F(l,13) = 5.91, p = 0.03]. The map "F" char- 
acterized more frequently the response to the PW in the French 
context and the map "G" in the German context condition, indi- 
cating the engagement of distinct configurations of intracranial 
generators in PW reading across language context in this time 
window. 

Electrical source estimations 

In order to localize the effect in the brain space, paired t-tests of 
LAURA distributed source estimations between PWs in French 
context and PWs German context condition were performed for 
each of the 3005 solution points for time-averaged ERPs over the 
POI defined by the topographic pattern analysis (300-360 ms post- 
stimulus). This analysis revealed a significant difference of activa- 
tion within the left inferior frontal gyrus (German > French; p < 
0.05; /cE = 15), left superior parietal areas (French > German; 
p < 0.05; = 15) and left anterior cingulum (German > French; 
p < 0.05; kE = 15; Figure 3D). 

DISCUSSION 

We investigated the spatio-temporal impact of orthographic depth 
on reading. Identical PWs were presented to highly proficient 
bilinguals embedded either in a deep orthographic (French) or 
in a shallow orthographic (German) language context. The lexical 
context in which the stimuli were presented (80% words and 20% 
PWs) has been designed to force initial automatic word reading 
in the pre-activated context and to force PW reading in the corre- 
sponding orthographic depth. Our results show that orthographic 
depth induced by language context indeed impacts brain response 
to reading physically identical stimuli. The topography of the ERPs 
to identical PWs differed 300-360 ms post-stimulus onset when 
the PWs were read in different orthographic depth context, indi- 
cating distinct brain networks engaged in reading during this time 
window. Analysis of electrical source estimation over the period 
of topographic modulation showed a differential engagement in 
left inferior-frontal, left superior parietal and left anterior cingular 
areas in the deep versus shallow condition. 

TIMING OF THE EFFECT OF ORTHOGRAPHIC DEPTH 

The topography of the ERPs to identical PWs differed around 
330 ms post-stimulus onset when the PWs were read in different 
orthographic depth context. Because distinct topographies neces- 
sarily follow from distinct configuration of the underlying brain 
network (e.g., Lehmann and Ski'andies, 1980), our result indicates 
that the language context modulates the brain networks involved in 
reading. Because subject- related factors (Proficiency, Age of Acqui- 
sition, Immersion) were controlled across language context and 
only the orthographic depth of reading physically identical PWs 
was modulated, the topographic differences most likely reflect an 




FIGURE 2 I Exemplar ERP waveforms. Exemplar group-averaged ERP 
waveforms (Fz, CPz, Cps, CPg, Pg, Piq, Oz) to PW reading in French (violet) 
and German (green) language context are plotted in microvolts as a 
function of time. In the middle of the figure, the array of the 128 electrodes 
with the electrode position of the displayed waveforms is presented. 
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FIGURE 3 I Electrical neuroimaging results. (A) ERPs waveform. The 
group-averaged ERPs to PW reading in the French (blue) and German 
(yellow) language context are displayed in microvolts as a function of time 
relative to stimulus onset (dotted black line). The time period showing 
significant (p < 0.05) topographic differences between the conditions is 
indicated in green. (B) Time-wise electrode-wise f-tests. Results of the 
time-wise paired f-tests at each of the 128 scalp electrodes from the 
group-averaged ERP waveforms are shown (p < 0.05). (C) Topographic 
pattern analysis. Top. Topographic pattern analyses identified 12 time 
periods of stable electric field topography across the collective 500 ms 
post-stimulus period form the group-averaged ERPs. Topographies (i.e., 
maps) are shown with the nasion upward and left scalp leftward. The 
dipole represents the positive and negative maximum of the electric field 
topography measured at the scalp. Two distinct maps were identified for 
one of these time periods (300-360 ms) for PWs in the French context 
(map "F") versus German context (map "G") conditions. Bottom; The 
reliability of this observation at the group-averaged level was assessed at 



the single-subject level using a spatial correlation fitting procedure. The 
relative map presence in time frames (TF) of each template map provides 
a measure for the amount of time a given template map, which was 
identified in the group-averaged data, is present in an individual subject 
and condition (see "Material and Methods"). Over the 300-360 ms 
post-stimulus period, the map "F" characterized more frequently the 
response to the PWs in the French context and the map "G" in the 
German context condition. There was a significant interaction between 
language context condition and map presence over the 300-360 ms 
period [F(1,13) = 5.91, p = 0.03]. Error bars indicate SEM. (D) Distributed 
LAURA source estimations. Paired Mests were performed for each of the 
3005 solution points for time-averaged ERPs over the period of 
topographic modulation (300-360 ms after stimulus onset), revealing 
differential (p < 0.05) activation of the left inferior frontal gyrus 
(German > French), left superior parietal gyrus (French > German) and left 
anterior cinguar cortex (German > French) when reading the PWs in the 
French versus the German language context. 
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adaptation of the reading processes to the orthographic depth of 
the language being read. 

The 330 ms latency of the topographic modulation has been 
associated to processing stages involved in grapheme to phoneme 
conversion in previous studies (Bentin etal., 1999; Huang etal., 
2004; Proverbio etal, 2004; Simon etal, 2004, 2006; Grainger 
etal, 2006; Hauk etal, 2006; Ashby etal, 2009; Carreiras etal., 
2009). This period precedes the semantic processing previously 
found to take place around 450 ms (Bentin etal., 1999; Simon 
et al, 2006) and is subsequent to letter identification occurring 
around 200 ms (Maurer etal., 2005; Brem etal, 2006; Martin 
et al, 2006; Appelbaum et al, 2009; Lin et al, 2011). 

The dual route cascade model posits a lexical and a non-lexical 
route among which graphemes and phonemes are being mapped 
(Coltheart etal., 2001). On the non-lexical route, each grapheme 
is sequentially mapped to its corresponding phoneme. The non- 
lexical route does not rely on lexico-semantic representations 
and is thus preferentially recruited in regular, non- and pseudo- 
words (e.g., lobard etal., 2003). In contrast, on the lexical route, 
phonemes are retrieved from memory, i.e., from orthographic and 
phonological lexical representations. The lexical route is efficient 
for encoding words, especially irregular words, in which phono- 
logical codes do not follow simple grapheme-phoneme rules (e.g., 
Jobard etal, 2003). Thus, whereas PWs predominately follow the 
non-lexical route, words may foUow either of these routes. The 
orthographic depth hypothesis (Katz and Feldman, 1983; Katz 
and Frost, 1992) assumes that for words the predominant engage- 
ment of each route depends on the orthographic regularity of a 
language. In transparent orthographies, non-lexical pathways are 
preferentially activated to map graphemes and phonemes. In con- 
trast, the sequential mapping on the non-lexical pathways does 
not fit grapheme to phoneme mapping in languages with irregular 
orthographies. Instead, irregular languages favor lexical pathways 
and phonemes are retrieved from memory structures. With regard 
to this framework, we propose that the topographic effects reflect 
a modulation of the engagement of the routine non-lexical route 
in PW reading across language context. Furthermore, we assume 
that the routine non-lexical route in PW reading was likely modu- 
lated by the variable manipulated in the present design, namely the 
orthographic depth of language contexts (i.e., word reading). We 
suggest that, when reading words across French and German lan- 
guage contexts, the modulation of orthographic depth in French 
versus German words may lead to different engagement of one or 
the other reading route. This modulation of reading routes across 
language contexts in word reading due to differences in ortho- 
graphic depth might impact the routine non-lexical pathways 
recruited in PW processing. Thus, the topographic modulation 
found in PW reading might be explained by the fact that read- 
ing (German) words in a shallow context activates predominantly 
non-lexical pathways, which reinforce the non-lexical process- 
ing routinely recruited in PW reading in the shallow versus deep 
context. In contrast, reading (French) words in the deep con- 
text may activate predominantly lexical pathways, which reduce 
the engagement of the non-lexical pathways routinely recruited 
in PW reading in the deep versus the shallow context. Thus, the 
topographic modulation at 330 ms might reflect a modulation 
of non-lexical processing in PW reading due to a modulation of 



reading routes by the orthographic depth of language contexts 
(Figure 4). 

Alternatively, one might consider that the modulation of read- 
ing route selection by orthographic depth was not restricted to 
word reading, but directly impacted PW processing. Thus, PW 
reading might have recruited non-lexical pathways in the shal- 
low and lexical pathways in the deep context. However, the use 
of low-lexical target stimuli (PWs) and the absence of a differen- 
tial engagement of lexico-semantic networks across conditions in 
the results of electrical source estimation over the period of topo- 
graphic modulation (see "Location of the effect of orthographic 
depth") speak against a direct and in favor of an indirect modula- 
tion of reading route by orthographic depth. Nevertheless, further 
research is needed to unravel the precise mechanism underlying 
the orthographic-related reading route modulation. 

Given the fact that the 300-350 time window has also been asso- 
ciated to (early) semantic processing in reading (Proverbio etal., 
2008; Yum et al., 201 1 ), an alternative account of our results would 
thus be that lexical pathways, when reading in the deep ortho- 
graphic context, induced stronger attempt of semantic processing 
of PWs (Holcomb etal, 2002; Deacon etal, 2004; Carreiras 
etal., 2007; Vergara-Martinez etal, 2013) compared to reading 
in the shallow orthographic context. This assumption is sup- 
ported by the relative late latency of the effect found in the present 
study, which may rather reflect a modulation of semantic access 
than grapheme to phoneme conversion across language context. 
Indeed, studies on phonological processing have suggested laten- 
cies around 200 ms to be critically engaged in grapheme to 
phoneme conversion (Sereno etal., 1998; Proverbio and Zani, 
2003; Wheat etal., 2010). In contrast, the few studies focusing 
on a modulation of orthographic depth consistently reported 
latencies around 300 ms to be linked to grapheme to phoneme 
conversion (Simon etal., 2006; Bar-Kochva and Breznitz, 2012). 
Thus, with the present design enabling isolating the orthographic 
depth, later latencies could have been expected. In addition, the 
high number of significant electrodes differentiating across lan- 
guage contexts found in the time-wise electro-wise f-test may 
indicate that the impact of orthographic depth on PW reading 
was subliminally initiated earlier (around 220 ms; Figure 3B). 
However, several reasons speak against a modulation of seman- 
tic processing by orthographic depth independent of the timing 
of the effect. First, semantic effects were likely reduced by the 
utilization of PWs (Friedrich etal, 2008). Second, the task did 
not strengthen semantic processing as participants had only to 
read aloud the stimuli. Third, neighborhood size, indicating how 
many (real) words can be created from a PW by changing one 
letter without changing letter position, was low and balanced 
across language context. Fourth, a potential semantic meaning 
due to a resemblance of a PW to a real word should lead to pro- 
longed but not shortened semantic processing and thus unlikely 
be measured at an early latency (<400 ms) but rather at a late 
latency compared to words (>450 ms; Coch and Mitra, 2010). 
Finally, our results of electrical source estimation underlying 
the topographic effects confirm the absence of an engagement 
of semantic networks which have anatomically been linked to 
inferior and middle temporal and inferior parietal areas (Price, 
2000). 



Frontiers in Human Neurosclence 



www.frontiersin.org 



February 2014 | Volume 8 | Article 83 | 10 



Buetler etal. 



Language context modulates reading route 



0ms 



100 



200 



300 



400 



500 



600 



700 ms 



Assembling 



Print 



Letter 
Identification 




Grapheme- 
Phoneme 
Conversion 



Orthographic 

Lexicon 
^^TT" 



H 



Addressing 



PW reading in German Context 
PW reading in French Context 




Non-Lexical Pathways 



77" 




Phonological y*' 

Lexicon 
TSi 



Lexical Pathways 



Semantic 
Lexicon 



FIGURE 4 I The orthographic depth hypothesis by Katz and Feldman 
(1983) posits that different reading routes are engaged depending on 
the type of grapheme/phoneme correspondence of the language 
being read. Shallow orthographies with consistent grapheme/phoneme 
correspondences favor encoding via non-lexical pathways (assembled 
reading; green triangle), where each phoneme is sequentially mapped to 
its corresponding grapheme. In contrast, deep orthographies with 
inconsistent grapheme/phoneme correspondences favor lexical pathways 
(addressed reading; violet triangle), where phonemes are retrieved from 
memory structures. With regard to this framework, we propose that the 



topographic effects 300-360 ms after stimulus onset (red square) reflect 
a modulation of the routine non-lexical pathways in PW reading by the 
stronger recruitment of lexical pathways in the deep than shallow 
language context. Reading in a shallow context activates the non-lexical 
pathways more strongly than reading in the deep context, which 
reinforces the non-lexical processing routinely recruited in pseudoword 
(PW) reading (green arrows). In contrast, reading in a deep context 
activates the lexical pathways more strongly than the shallow context, 
which reduces the engagement of the non-lexical pathways routinely 
recruited in PW reading (red arrows). 



Our results thus suggest that distinct brain networks support 
PW reading 300-360 ms post-stimulus onset when they were 
read in different orthographic depth context. We propose that 
these distinct brain networks reflect a modulation of the non- 
lexical grapheme to phoneme conversion routinely engaged in PW 
reading by the activation of different reading routes in word read- 
ing across language contexts. More precisely, reading (German) 
words in a shallow context may preferentially activate non-lexical 
pathways, which strengthen the engagement of the non-lexical 
pathways routinely recruited in PW reading in the shallow versus 
the deep context. In contrast, reading (French) words in a deep 
orthographic context may preferentially recruit lexical pathways, 
which reduce the reliance on routinely recruited non-lexical path- 
ways in PW reading in the deep versus the shallow context. Thus, 
the topographic modulation in P W reading might indirectly reflect 
the engagement of different reading routes across the orthographic 
depth of language contexts. 

LOCATION OF THE EFFECT OF ORTHOGRAPHIC DEPTH 

Statistical analyses of electrical source estimations over the 
period of topographic modulation support the hypothesis of 
orthographic-related reading route modulation by showing dif- 
ferential engagement in the deep versus shallow conditions in left 
inferior-frontal, left superior parietal and left anterior cingular 
areas. 



The left inferior frontal region (part of Broca's area com- 
plex) was activated stronger when reading in the German than 
French context. The inferior frontal activation might indicate 
enhanced engagement of phonological processing when reading 
PWs in the shallow orthography in contrast to reading in the 
deep orthography. Previous findings showed that inferior frontal 
regions are involved in grapheme to phoneme conversion (Fiebach 
etal, 2002; Heim etal., 2005; Rodriguez-Fornells etal, 2006; 
Wheat etal., 2010) and in enhanced short term memory capaci- 
ties of non-lexical pathways compared to lexical pathways (Jobard 
et al, 2003; Nixon et al, 2004). 

However, our findings contrast with the results by Paulesu 
etal. (2000) for an enhanced engagement of Broca's area in the 
deep (English) versus the shallow (Italian) language, suggesting 
an enhanced involvement of inferior frontal regions in lexical 
than non-lexical processing. The contradictory findings on the 
engagement of inferior frontal regions in reading route processing 
may originate from the functional distinction of Broca's subunits. 
While the anterior part [Brodmann area (BA) 45] has been asso- 
ciated to lexical processing, the posterior part (BA 44) has been 
linked to play a crucial role in grapheme to phoneme conversion 
(Fiebach etal., 2002; Heim etal., 2005). Here, the low spatial res- 
olution of inverse solutions restricts an attribution of the source 
estimation to the anterior or posterior region within the infe- 
rior frontal area. However, we consider our results to most likely 
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reflect enhanced engagement of phonological processing in the 
posterior inferior frontal lobe (BA 44) when reading PWs in the 
shallow orthography in contrast to reading in the deep orthog- 
raphy. The stronger engagement of phonological processes when 
reading in the German than the French context may indicate that 
the bilingual reader relies more strongly on the non-lexical route, 
because unlike in the French context, the non-lexical route is 
strengthened by both, the type of stimuli (PW) and orthographic 
depth of language context (shallow). Thus, the stronger activation 
of phonological inferior frontal regions when reading in the shal- 
low than the deep orthographic context may indicate enhanced 
engagement of phonological non-lexical pathways. 

Additionally, inferior frontal regions have been associated to 
the motor control of speech articulators (Wheat et al, 2010). One 
alternative explanation of our findings may thus be that language 
context modulated motor planning. However, previous literature 
indicates that motor preparation, i.e., phonetic encoding, in read- 
ing starts later, namely after (approximately) 350 ms (MoUer et al., 
2007; Laganaro etal., 2013). Thus, the differential engagement 
of inferior frontal regions across orthographic depth seems more 
likely to reflect a modulation of phonological than motor planning 
processing. 

A more pronounced engagement of non-lexical networks could 
have been expected, as numerous reading studies have demon- 
strated broad networks to critically underlie grapho-phonological 
processing covering temporal, parietal and frontal brain regions 
(Jobard etal., 2003; Ischebeck etal., 2004). The absence of an 
anatomically broadly distributed difference in activation in non- 
lexical networks across language contexts might be related to the 
fact that the present paradigm contrasted PW versus PW reading. 
In contrast, most studies investigating anatomical correlates of 
lexical and non-lexical reading routes compared words and PWs 
(Jobard etal., 2003). In word versus PW contrasts, the exten- 
sive differences in network activation found may be related to 
differences between the stimuli (lexicality, familiarity and/or phys- 
ical form). In contrast, the present PW versus PW design may 
reveal networks related specifically to the variable manipulated, 
i.e., the orthographic depth of PW reading. Consequently, spa- 
tially restricted networks might be expected to show differential 
activity compared to those found in classical studies on reading 
routes contrasting word versus PW. 

The differential engagement of parietal-cingular areas may fol- 
low from a modulation of attentional demands across language 
context. 

The activity within superior parietal areas (BA 7) was stronger 
when reading in the French than German context. In reading, 
superior parietal areas have been advanced to contribute to visual 
attention, which could be involved in modifying the reading strat- 
egy (Rosazza etal., 2009; Lobier etal., 2012). This interpretation 
is in line with our hypothesis assuming a modulation of the non- 
lexical route in PW reading by the stronger recruitment of lexical 
pathways in the deep than the shallow language context. According 
to this hypothesis, the stronger engagement of parietal areas might 
reflect enhanced visual attention related to the recruitment of less 
routine non-lexical pathways strengthened by PW reading in the 
deep versus shallow orthographic context. This conclusion is sup- 
ported by the results of reading error analysis, which revealed 



significantly more phonological errors when reading the PWs 
in the deep (French) versus shallow (German) language context 
(among comparable overall accuracy rates). Thus, the recruit- 
ment of less routine non-lexical pathways may have increased 
phonological inaccuracy when reading the PWs in the deep versus 
shallow context. 

However, alternative explanations could account for the effect 
found, as parietal areas have been put forward to be involved in a 
variety of cognitive tasks, including eye movements (especially 
IPS; Chen etal., 2013; Zaretskaya etal., 2013) spatial orienta- 
tion (Cabeza and Nyberg, 2000) and multimodal integration 
(Macaluso etal., 2003). Even though many variables were con- 
trolled in the present design (e.g., short stimuli to avoid eye 
movements) or not required to perform the task (e.g., multimodal 
integration), the lack of an a priori hypothesis formulated on the 
parietal engagement and the complexity of functions attributed to 
this region limit the credibility of our conclusion. 

The anterior cingular activity (parts of BA 24, BA 32, and BA 
33) was stronger for reading in the German than French context. 
The cingulate cortex has been linked to inhibitory control and 
error detection (Caravan etal, 2002; Ridderinkhof etal., 2004), 
but to our knowledge, its role in reading is currently unknown. In 
addition to the lack of literature, the lack of an a priori hypothesis 
formulated on the engagement of cingular regions in the present 
study prevents us from drawing reliable conclusions. Further 
research is required to elucidate its role in reading processing. 

Cingular activities have been found in proficiency-related con- 
trol processes (Abutalebi, 2008; Magezi et al., 2012). In the current 
study, the modulations of activity in the anterior cingulum could 
be due to a higher proficiency in French than German. However, 
the experimental setting consisted of separated language con- 
texts, which prevented ongoing language selection, and in turn 
minimized proficiency-related effects (Abutalebi, 2008). Behav- 
ioral results further showed that production latencies did not 
differ across language context, indicating balanced attentional load 
across languages. Finally, the scores of the computer-based as well 
as the self-evaluated proficiency assessments did not differ across 
languages. Together, the differential engagement of cingular areas 
unlikely reflects proficiency-related control processes. Instead, we 
consider these effects to be directly related to the modulation of 
reading routes by orthographic depth. 

The temporal dynamic of the responses to PWs in a German 
versus French context also support our hypothesis for a modula- 
tion of reading route by orthographic depth. Given the timing of 
the effect between early (letter identification) and later (seman- 
tic) processing and our design enabling isolating the effect of 
orthographic depth, the topographic difference are likely to reflect 
different networks engaged in grapheme to phoneme conversion 
across language context 330 ms post-stimulus onset. We propose 
that the engagement of the non-lexical reading route routinely 
involved in PW reading is modulated by the activation of distinct 
reading routes in word reading across language context. Reading 
(German) words in a shallow context may activate non-lexical 
processing, which reinforces the involvement of the non-lexical 
pathways routinely recruited in PW reading, reflected in a stronger 
engagement of frontal phonological areas in the shallow versus the 
deep orthographic context. In contrast, reading (French) words in 
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a deep orthographic context may weaken the non-lexical path- 
ways routinely recruited in PW reading. The recruitment of less 
routine non-lexical pathways in PW reading might be reflected in 
a stronger engagement of visuo-attentional parietal areas in the 
deep versus shallow orthographic context. 

Since in the present paradigm, many (real) words were used to 
create language context, the additional inclusion of words into the 
analyses may have helped to disentangle the nature of the effects 
found. However, we think that the joint analysis of words and PWs 
would unlikely help clarifying the interpretation of the present 
results because of the following reason: To compare words and 
PWs (e.g., in terms of pathways engaged), an interaction would be 
needed between the factors stimulus type (words, PWs) and ortho- 
graphic depth (shallow, deep; Nieuwenhuis etal, 2011). However, 
when designing the experiment, the words were not selected to 
be included in the analysis, but to induce strong language context 
and to ensure identical performances of natural bilingual reading 
across languages. As a result, there are important differences in 
physical proprieties, semantic categories, letter frequency distri- 
bution or familiarity of the word stimuli across languages. These 
differences cannot be controlled a posteriori [or for some of them 
even a priori (familiarity)]. The effect of the confounding factors 
in the word stimuli would impact the results of a 2 x 2 design and 
could not be disentangled. Thus the result of a 2 x 2 analyses of 
our data could not be interpreted. 

Several limitations of the current study constrain the inter- 
pretability of our results. First, investigating the language system in 
bilinguals might be less straightforward compared to investigating 
monolinguals, due to the two languages cohabiting in the brain. 
This complexity is majorly linked to switching between languages 
and inhibition of one language (Golestani, 2014). The results of 
our study, investigating low-level pre-semantic processing, should 
thus unlikely be affected by higher control strategies related to 
language switching or selection/inhibition. Moreover, the task was 
performed in separated language context sessions, further mini- 
mizing cognitive control strategies (Abutalebi, 2008). Finally, our 
bilingual within-subject design minimizes socio-cultural effects 
and other confounds induced by between-group comparison dif- 
ferences in brain activity and increases the statistical sensitivity of 
our analyses as each subject is compared to itself 

Second, language skills are probably never perfectly matched 
across languages, even if statistically comparable in our group. 
Marginal effects can be argued with regard to the language used 
to perform mental arithmetic's, the first language spoken by the 
mother and the language preferred to watch TV. However, we 
consider these differences to have unlikely impacted reading per- 
formance because of the following reasons: the variables showing 
differences across languages are related to oral language produc- 
tion, in contrast, variables directly linked to the task, i.e., written 
language skills (reading books, school, computer-based reading 
evaluation) showed no differences across languages. In addition, 
behavioral results (equal RTs/accuracy across languages) speak in 
favor of balanced proficiency and potential effects of proficiency 
are minimized by the two separated language context session 
(Abutalebi, 2008). Finally, 22 f-tests were performed to com- 
pare bilingualism variables across languages. Multiple hypothesis 
testing enhances the risk of false positive findings (Miller, 1966). 



Consequently, a correction for multiple comparisons should be 
applied to counteract false positive findings. In Table 1, signifi- 
cance thresholds are depicted as uncorrected, because we wanted to 
be as conservative as possible. When applying a correction for mul- 
tiple comparisons [Bonferroni (Dunn, 1961) or Holm-Bonferroni 
(Holm, 1979)], none of the variables tested reaches significance 
level. 

Third, the use of PWs as target stimuli might have enhanced 
attentional demands and the differences found might reflect con- 
trolled instead of automatic processing. Indeed, response accuracy 
was lower during PW than word reading, indicating that PW 
reading might have enhanced cognitive control. However, equal 
RTs across words and PWs suggest that the inaccurate responses 
occurred pre-attentively during "automatic" reading. Additionally, 
equal RTs across stimulus type reflect that the "word-likeliness" of 
the PWs (unlike letter strings or non-words) and the strong lan- 
guage context (generated by adding four times more words than 
PWs) possibly facilitated the task. More importantly, the task was 
the same across conditions, thus control strategies should unlikely 
explain the results. Further, equal RTs and accuracy of PW reading 
across conditions support a comparable engagement of cognitive 
control processes, which should thus be cancelled out in the anal- 
ysis. Finally, the effects found around 300 ms are unlikely to reflect 
higher processing mechanisms such as cognitive control strategies 
(Chouiter etal, 2013). Nevertheless, it is important to note that 
the use of PWs as target stimuli likely reinforced assembled/non- 
lexical reading in both languages and may thus not reflect natural 
everyday reading, especially in the French context. 

Fourth, the low spatial resolution of BEG inverse solution lim- 
its the interpretability of the spatial aspects of our data. However, 
the high-density EEG montage (128 channels) enables that the 
localization accuracy with LAURA is in the order of the grid size, 
i.e., about 0.6 cm^ (Michel etal, 2004). In addition, these limi- 
tations were partially remedied by applying statistical parametric 
mapping analyses to the source estimation (Michel etal., 2004). 
Even when the estimated activity in brain regions is of unrealis- 
tic size, statistical analysis can reveal whether differences between 
experimental conditions are reliable. Finally, a conservative sta- 
tistical approach was applied in order to interpret only the most 
pronounced effects. Nevertheless, our labeling of areas should be 
interpreted with caution and with respecting these limitations. 

Fifth, a further limitation of the study is the small sample size 
(n = 14) which is explained by the application of rigid inclusion 
criteria in order to have an optimally balanced group of native 
French-German bilinguals. Small sample sizes usually have low 
statistical power, which enhances the risk of false negative and false 
positive findings (Button etal., 2013). To estimate the statistical 
power of our study, a compromised post hoc power analysis was 
performed (Erdfelder, 1984) using G*Power Software (Faul etal., 
2009) which resulted, assuming a medium effect size (Cohen's 
d = 0 0.5), an alpha level of 0.05, a ratio q = beta/alpha = 1, and a 
sample size of 14 matched pairs, in a power ( 1 - beta error) of 75%, 
which can be labeled as medium to large power size. 

Sixth, due to differences in brain representations of language 
processing between bi- and monolinguals (Hernandez et al., 2000, 
2005; MecheUi etal, 2004; Rodriguez-Fornells etal, 2005, 2006; 
Kovelman etal., 2008) a generalization of our results obtained 
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by investigating highly proficient bilinguals to non-native bi- or 
monolinguals is limited. In addition, only female subjects par- 
ticipated in the study, fiirther limiting a generalization to male 
populations. It would be interesting for future research to investi- 
gate the manipulation of reading route by orthographic depth in 
male and mixed populations. 

Finally, the dual route cascade model, in its original form, may 
be too rigid as a template to project our results. Instead, our results 
should be discussed in terms of a parallel engagement of both 
routes, but one may be predominantly activated compared to the 
other depending on the orthographic regularity of the language. 

CONCLUSION 

The present study reveals insights into the neural underpinnings 
of orthographic regularity processing. Our findings complement 
current literature on reading processing and support the ortho- 
graphic depth hypothesis (Katz and Feldman, 1983), by showing 
that not only the lexicality/famUiarity of a stimulus, but also its 
orthographic regularity may modulate the engagement of reading 
routes. 

ACKNOWLEDGMENTS 

This work was supported by a grant from the Swiss 
National Science Foundation to Jean-Marie Annoni (No. 
325130_138497). We would like to thank Michael Mouthon 
for technical assistance with EEG recordings. Cartool soft- 
ware (http://sites.google.com/site/fbmlab/cartool) has been pro- 
grammed by Denis Brunet, from the Functional Brain Mapping 
Laboratory, Geneva, Switzerland, and supported by the Center for 
Biomedical Imaging (CIBM) of Geneva and Lausanne. 

REFERENCES 

Abutalebi, J. (2008). Neural aspects of second language representation and language 
control. Acta Psychol. 128, 466-478. doi: 10.1016/j.actpsy.2008.03.014 

Appelbaum, L. G., Liotti, M., Perez, R., Fox, S. P., and Woldorff, M. G. 
(2009). The temporal dynamics of implicit processing of non-letter, letter, 
and word-forms in the human visual cortex. Front. Hum. Neurosci. 3:56. doi: 
10.3389/Neuro.09.056.2009 

Ashby, J., Sanders, L. D., and Kingston, J. (2009). Skilled readers begin processing 
sub-phonemic features by 80 ms during visual word recognition: evidence from 
ERPs. Biol Psychol. 80,84-94. doi: 10.1016/j.biopsycho.2008.03.009 

Baayen, R. H., Piepenbrock, R., andGulikers, L. (1995). The CELEX Lexical Database 
(Release 2) [CD-ROM]. Philadelphia, PA: Linguistic Data Consortium, University 
of Pennsylvania. 

Bar-Kochva, I., and Breznitz, Z. (2012). Does the reading of different orthographies 
produce distinct brain activity patterns? An ERP Study. PLoS ONE 7:1. doi: 
10.1371/journal.pone.0036030 

Bentin, S., Mouchetant-Rostaing, Y., Giard, M. H., Echallier, J. R, and Pernier, J. 
(1999). ERP manifestations of processing printed words at different psycholin- 
guistic levels: time course and scalp distribution. /. Cogn. Neurosci. 11, 235-260. 
doi: 10.1162/089892999563373 

Best, K.-H. (2005). Zur Haufigkeit von Buchstaben, Leerzeichen und anderen 
Schriftzeichen in deutschen Texten. Glottometrics 11, 9-31. 

Binder, J. R., Medler, D. A., Desai, R., Conant, L. L., and Liebenthal, E. (2005). 
Some neurophysiological constraints on models of word naming. Neurolmage 
27, 677-693. doi: 10.1016/j.neuroimage.2005.04.029 

Boersma, P., and Weenink, D. (2013). Praat: Doing Phonetics by Computer [Com- 
puter program] . Version 5.3.51. Available at: http://www.praat.org/ (accessed July 
23,2013). 

Brandeis, D., Lehmann, D., Michel, C. M., and Mingrone, W. (1995). Mapping 
event-related brain potential microstates to sentence endings. Brain Topogr. 8, 
145-159. doi: 10.1007/BFOl 199778 



Brem, S., Bucher, K., Haider, P., Summers, P., Dietrich, T., Martin, 
E., etal. (2006). Evidence for developmental changes in the visual word 
processing network beyond adolescence. Neuroimage 29, 822-837. doi: 
10.1016/j.neuroimage.2005.09.023 

Britz, J., and Michel, C. M. (2011). State-dependent visual processing. Front. Psychol. 
2:370. doi: 10.3389/fpsyg.201 1.00370 

Brunet, D., Murray, M. M., and Michel, C. M. (2011). Spatiotemporal analysis 
of multichannel EEG: CARTOOL. Comput. Intell Neurosci. 2011:813870. doi: 
10.1155./2011/813870 

Button, K. S., loannidis, J. P. A., Mokrysz, C, Nosek, B. A., Flint, J., Robinson, E. S. 
J., et al. (2013). Power failure: why small sample size undermines the reliability of 
neuroscience. Nat. Rev. Neurosci. 14, 365-337. doi: 10.1038/nrn3475 

Cabeza, R., and Nyberg, L. (2000). Imaging cognition II: an empirical 
review of 275 PET and fMRI studies. /. Cogn. Neurosci. 12, 1-47. doi: 
10.1 162/08989290051 137585 

Carreiras, M., Perea, M., Vergara, M., and PoUatsek, A. (2009). The time course 
of orthography and phonology: ERP correlates of masked priming effects in 
Spanish. Psychophysiology 46, 1113-1122. doi: 10.1111/j.l469-8986.2009.00844.x 

Carreiras, M., Vergara, M., and Perea, M. (2007). ERP correlates of transposed-letter 
similarity effects: are consonants processed differently from vowels? Neurosci. Lett. 
419,219-224. doi: 10.1016/j.neulet.2007.04.053 

Chen, M., Liu, Y., Linyu, W., and Zhang, M. (2013). Parietal cortical neu- 
ronal activity is selective for express saccades. /. Neurosci. 33, 814-823. doi: 
10.1523/JNEUROSCI.2675-12.2013 

Chouiter, L., Dieguez, S., Annoni, J.-M., and Spierer, L. (2013). High and low 
stimulus-driven conflict engage segregated brain networks, not quantitatively 
different resources. Brain Topogr. doi: 10.1007/sl0548-013-0303-0 [Epub ahead 
of print] . 

Coch, D., and Mitra, P. (2010). Word and pseudoword superiority effects reflected in 

the ERP waveform. BrainRes. 1329, 159-174. doi: 10.1016/j.brainres.2010.02.084 
Coltheart, M., Rastle, K., Perry, C, Langdon, R., and Ziegler, J. (2001). DRC: a Dual 

Route Cascaded model of visual word recognition and reading aloud. Psychol. 

Rev. 108, 204-256. doi: 10.1037/0033-295X.108. 1.204 
Deacon, D., Dynowska, A., Ritter, W., and Grose-Fifer, J. (2004). Repetition and 

semantic priming of nonwords: implications for theories of N400 and word 

recognition. Psychophysiology 4 1 , 60-74. doi: 1 0. 1 1 1 1 / 1469-8986.00 120 
De Lucia, M., Clarke, S., and Murray, M. M. (2010). A temporal hierarchy for 

conspecific vocalization discrimination in humans. /. Neurosci. 30, 11210-11221. 

doi: 10.1523/JNEUROSCI.2239-10.2010 
Dunn, O. J. (1961). Multiple comparisons among means. /. Am. Stat. Assoc. 56, 

54-64. doi: 10.2307/2282330 
Duyck, W., Desmet, T, Verbeke, L., and Brysbaert, M. (2004). WordGen: a tool for 

word selection and non-word generation in Dutch, German, English, and French. 

Behav. Res. Methods Instrum. Comput. 36,488-499. doi: 10.3758/BF03195595 
Erdfelder, E. (1984). Zur Bedeutung und KontroUe des P-Fehlers bei der inferenzs- 

tatistischen Priifung log-linearer Modelle [Significance and control of the P error 

in statistical tests of log-linear models]. Z. Sozialpsychol. 15, 18-32. 
Paul, E, Erdfelder, E., Buchner, A., and Lang, A. G. (2009). Statistical power analyses 

using G^Power 3.1: tests for correlation and regression analyses. Behav. Res. 

Methods4l, 1149-1160. doi: 10.3758/BRM.41.4.1149 
Feiz, J. A., Tranel, D., Seager-Frerichs, D., and Damasio, H. (2006). Specific reading 

and phonological processing deficits are associated with damage to the left frontal 

operculum. Cortex 42, 624-643. doi: 10.1016/S0010-9452(08)70399-X 
Fiebach, C. J., Friederici, A. D., Muller, K., and Von Cramon, D. Y. (2002). flVIRI 

evidence for dual routes to the mental lexicon in visual word recognition. /. Cogn. 

Neurosci. 14, 11-23. doi: 10.1162/089892902317205285 
Fisher, J. E., Cortes, C. R., Griego, J. A., and Tagamets, M. A. (2012). Repetition of 

letter strings leads to activation of and connectivity with word-related regions. 

Neuroimage 59, 2839-2849. doi: 10.1016/j.neuroimage.201 1.09.047 
Friedrich, C. K., Lahiri, A., and Eulitz, C. (2008). Neurophysiological evidence for 

underspecified lexical representations: asymmetries with word initial variations. 

/. Exp. Psychol. Hum. Percept. Perform. 34, 1545-1559. doi: 10.1037/a0012481 
Frost, R. (1994). Prelexical and postlexical strategies in reading: evidence from a 

deep and a shallow orthography. /. Exp. Psychol. Learn. Mem. Cogn. 20, 1-16. doi: 

10.1037/0278-7393.20.1.116 
Caravan, H., Ross, T. J., Murphy, K., Roche, R. A., and Stein, E. A. (2002). 

Dissociable executive functions in the dynamic control of behavior: inhi- 
bition, error detection, and correction. Neuroimage 17, 1820-1829. doi: 

10.1006/nimg.2002.1326 



Frontiers in IHuman Neuroscience 



w w w.f ro n t i ersin.org 



February 2014 | Volume 8 | Article 83 [ 14 



Buetler eta 



Language context modulates reading route 



Geyken, A. (2007). The DWDS Corpus: a Reference Corpus for the German Language 

of the 20th Century. London: Continuum Press. 
Golestani, N. (2014). Brain structural correlates of individual differences at low- to 

high- levels of the language processing hierarchy: a review of new approaches to 

imaging research. Int. J. Biting 18, 6-34 doi: 10.1177/1367006912456585 
Goswami, U. (1998). The Role of Analogies in the Development of Word Recognition. 

Mahwah, N): Erlbaum. 
Grainger, )., Kiyonaga, K., and Holcomb, P. J. (2006). The time course of ortho- 
graphic and phonological code activation. Psychol. Sci. 17, 1021-1026. doi: 

10.1 1 1 l/j.l467-9280.2006.01821.x 
Grave de Peralta, M. R., Gonzalez, A. S., Lantz, G., Michel, C. M., and 

Landis, T. (2001). Noninvasive localization of electromagnetic epileptic activ- 
ity. I. Method descriptions and simulations. Brain Topogr. 14, 131-137. doi: 

10.1023/A:1012944913650 
Grave de Peralta, M. R., Murray, M. M., Michel, C. M., Martuzzi, R., and Gonzalez 

Andino, S. L. (2004). Electrical neuroimaging based on biophysical constraints. 

Neuroimage 21, 527-539. doi: 10.1016/j.neuroimage.2003.09.051 
Graves, W. W., Grabowski, T. J., Mehta, S., and Gupta, P. (2008). The left posterior 

superior temporal gyrus participates specifically in accessing lexical phonology. 

/. Cogn. Neurosci. 20, 1698-1710. doi: 10.1162/jocn.2008.20113 
Hauk, O., Davis, M. H., Ford, M., PulvermuUer, P., and Marslen-Wilson, 

W. D. (2006). The time course of visual word recognition as revealed by 

linear regression analysis of ERP data. Neuroimage 30, 1383-1400. doi: 

10.1016/j.neuroimage.2005. 11.048 
Heim, S., Alter, K., Ischebeck, A. K., Amunts, K., Eickhoff S. B., Mohlberg, H., et al. 

(2005). The role of the left Brodmann's areas 44 and 45 in reading words and pseu- 

dovvords. Cogn. Brain Res. 25, 982-993. doi: 10.1016/j.cogbrainres.2005.09.022 
Hernandez, A. E., Martinez, A., and Kohnert, K. (2000). In search of the language 

switch: an fMRI study of picture naming in Spanish-English bilinguals. Brain 

Lang 73,421-431. doi: 10.1006/brln.l999.2278 
Hernandez, A., Li, P., and Macwhinney, B. (2005). The emergence of 

competing modules in bihnguahsm. Trends Cogn. Sci. 9, 220-225. doi: 

10.1016/j.tics.2005.03.003 
Holcomb, P. J., Grainger, J., and O'Rourke, T. (2002). An electrophysiological study 

of the effects of orthographic neighborhood size on printed word perception. 

/. Cogn. Neurosci. 14, 938-950. doi: 10.1162/089892902760191153 
Holm, S. (1979). A simple sequentially rejective multiple test procedure. Scand. /. 

Stat. 6, 65-70. 

Huang, K., Itoh, K., Suwazono, S., and Nakada, T. (2004). Electrophysiological 
correlates of grapheme-phoneme conversion. Neurosci. Lett. 366, 254-258. doi: 
10.1016/j.neulet.2004.05.099 

Ischebeck, A., Indefrey, R, Usui, N., Nose, I., Hellwig, E, and Taira, M. (2004). 
Reading in a regular orthography: an FMRI study investigating the role of visual 
familiarity /. Cogn. Neurosci. 16, 727-741. doi: 10.1162/089892904970708 

lobard, G., Crivello, E., and Tzourio-Mazoyer, N. (2003). Evaluation of the dual 
route theory of reading: a metanalysis of 35 neuroimaging studies. Neuroimage 
20, 693-712. doi: 10.1016/81053-8119(03)00343-4 

Katz, L., and Eeldman, L. B. (1983). Relation between pronunciation and recognition 
of printed words in deep and shallow orthographies. /. Exp. Psychol. Learn. Mem. 
Cogn. 9, 157-166. doi: 10.1037/0278-7393.9.1.157 

Katz, L., and Erost, R. (1992). The Reading Process is Different for Different Orthogra- 
phies: The Orthographic Depth Hypothesis. Amsterdam: Elsevier North Holland 
Press. 

Knebel, J. P., and Murray, M. M. (2012). Towards a resolution of conicting mod- 
els of illusory contour processing in humans. Neuroimage 59, 2808-2817. doi: 
10.1016/j.neuroimage.2011.09.031 

Kovelman, I., Baker, S. A., and Petitto, L. A. (2008). Bilingual and monolingual brains 
compared: a functional magnetic resonance imaging investigation of syntactic 
processing and a possible "neural signature" of bUingualis. /. Cogn. Neurosci. 20, 
153-169. doi: 10.1162/jocn.2008.20.1.153 

Kronbichler, M., Hutzler, F., Wimmer, H., Mair, A., Staffen, W., and Ladurner, 
G. (2004). The visual word form area and the frequency with which words are 
encountered: evidence from a parametric fMRI study. Neuroimage 21, 946—953. 
doi: 10. 1 0 16/j.neuroimage.2003. 1 0.02 

Laganaro, M., Python, G., and Toepel, U. (2013). Dynamics of phonological- 
phonetic encoding in word production: evidence from diverging ERPs 
between stroke patients and controls. Brain Lang. 126, 123-132. doi: 
10.1016/j.bandl.2013.03.004 



Lallier, M., Carreiras, M., Tainturier, M. J., Savill, N., and Thierry, G. (2013). 
Orthographic transparency modulates the grain size of orthographic processing: 
behavioral and ERP evidence from bilingualism. Brain Res. 1505, 47-60. doi: 
10.101 6/j.brainres.20 13.02.018 

Lehmann, D., and Skrandies, W. (1980). Reference-free identification of compo- 
nents of checkerboard-evoked multichannel potential fields. Electroencephalogr. 
Clin. Neurophysiol. 48, 609-621. doi: 10.1016/0013-4694(80)90419-8 

Lin, S. E., Chen, H. C, Zhao, Li, S., He, S., and Weng, X. C. (2011). 
Left-lateralized N170 response to unpronounceable pseudo but not false Chi- 
nese characters-the key role of orthography. Neuroscience 190, 200-206. doi: 
10.1016/j.neuroscience.201 1.05.071 

Lobier, M., Peyrin, C, Le Bas, J. F, and Valdois, S. (2012). Pre-orthographic 
character string processing and parietal cortex: a role for visual attention in 
reading? Neuropsychologia 50, 2195-2204. doi: 10.1016/j.neuropsychologia.2012. 
05.023 

Lu, Q., Tang, Y. Y., Zhou, L., and Yu, Q. (201 1 ). The different time courses of reading 
different levels of Chinese characters: an ERP study. Neurosci. Lett. 498, 194—198. 
doi: 10.1016/j.neulet.201 1.03.061 

Macaluso, E., Driver, J., and Frith, C. D. (2003). Multimodal spatial representa- 
tions engaged in human parietal cortex during both saccadic and manual spatial 
orienting. Curr. Biol. 13,990-999. doi: 10.1158/0008-5472.can-05-1896 

Magezi, D. A., Khateb, A., Mouthon, M., Spierer, L., and Annoni, ). M. (2012). 
Cognitive control of language production in bilinguals involves a partly inde- 
pendent process within the domain-general cognitive control network: evidence 
from task-switching and electrical brain activity. Brain Lang. 122, 55-63. doi: 
10.1016/j.bandL2012.04.008 

Martin, C. D., Nazir, T, Thierry G., Pauhgnan, ¥., and Demonet, J. F (2006). 
Perceptual and lexical effects in letter identification: an event-related poten- 
tial study of the word superiority effect. Brain Res. 1098, 153—160. doi: 
10.1016/j.brainres.2006.04.097 

Maurer, U., Brandeis, D., and Mccandliss, B. D. (2005). Fast, visual specialization for 
reading in English revealed by the topography of the N170 ERP response. Behav. 
BrainFunct. 1, 13. doi: 10.1186/1744-9081-1-13 

Mechelli, A., Crinion, J. T., Long, S., Friston, K. J., Lambon Ralph, M. A., Pat- 
terson, K., etal. (2005). Dissociating reading processes on the basis of neuronal 
interactions. /. Cogn. Neurosci. 17, 1753-1765. doi: 10.1162/089892905774589190 

Mechelli, A., Crinion, J. T., Noppeney, U., O'Doherty, J., Ashburner, J., Frackowiak, 
R. S., etal. (2004). Neurolinguistics: structural plasticity in the bilingual brain. 
Nature431, 757. doi: 10.1038/431757a 

Mechelli, A., Gorno-Tempini, M. L., and Price, C. J. (2003). Neuroimaging studies 
of word and pseudoword reading: consistencies, inconsistencies, and limitations. 
/. Cogn. Neurosci. 15,260-271. doi: 10.1162/089892903321208196 

Michel, C. M., Murray, M. M., Lantz, G., Gonzalez, S., SpineUi, L., and De Peralta, 
R. G. (2004). LEG source imaging. Clin. Neurophysiol. 115, 2195-2222. doi: 
10.1016/j.clinph.2004.06.001 

Michel, C. M., Thut, G., Morand, S., Khateb, A., Pegna, A. J., Grave De Peraha, R., 
et al. (200 1 ) . Electric source imaging of human brain functions. Brain Res. Brain 
Res. Rev. 36, 108-118. doi: 10.1016/50165-0173(01)00086-8 

Miller, R. G. (1966). Simultaneous Statistical Inference. New York: McGraw-Hill 

MoUer, J., Jansma, B. M., Rodriguez-ForneUs, A., and Munte, T. E (2007). What 
the brain does before the tongue slips. Cereh. Cortex 17, 1173-1178. doi: 
10.1093/cercor/bhl028 

Mousikou, P., Coltheart, M., Finkbeiner, M., and Saunders, S. (2010). Can 
the dual-route cascaded computational model of reading offer a valid accoimt 
of the masked onset priming effect? Q. /. Exp. Psychol. 63, 984—1003. doi: 
10.1080/17470210903156586 

Murray, M. M., Brunet, D., and Michel, C. M. (2008). Topographic ERP analyses: a 
step-by-step tutorial review. Brain Topogr 20, 249-264. doi: 10.1007/sl 0548-008- 
0054-5 

New, B., Pallier, C, Eerrand, L., and Matos, R. (2001). Une base de donn^es lexicales 

du frani^ais contemporain sur internet: Lexique. Annee Psychol. 101, 447—462. 

doi: 10.3406/psy2001.1341 
Nieuwenhuis, S., Eorstmann, B. U., and Wagenmakers, E.-J. (2011). Erroneous 

analyses of interactions in neuroscience: a problem of significance. Nat. Neurosci. 

14, 1105-1107. doi: 10.1038/nn.2886 
Nixon, P., Lazarova, ]., Hodinott-Hill, I., Gough, P., and Passingham, R. (2004). The 

inferior frontal gyrus and phonological processing: an investigation using rTMS. 

/. Cogn. Neurosci. 16, 289-300. doi: 10.1162/089892904322984571 



Frontiers in Human Neuroscience 



www.frontiersin.org 



February 2014 | Volume 8 | Article 83 | 15 



Buetler eta 



Language context modulates reading route 



Oldfield, R. C. (1971). The assessment and analysis of handedness: the Edinburgh 
inventory. Neuwpsychologia 9, 97-113. doi: 10.1016/0028-3932(71)90067-4 

Paulesu, E., Mccrory, E., Fazio, P., Menoncello, L., Brunswick, N., Cappa, S. E, 
etal. (2000). A cultural effect on brain function. Nat. Neurosci. 3, 91-96. doi: 

10.1038/71163 

Perrin, E, Pernier, J., Bertrand, O., Giard, M. H., and Echallier, 1. E (1987). Map- 
ping of scalp potentials by surface spline interpolation. Electroencephalogr. Clin. 
Neurophysiol. 66, 75-81. doi: 10.1016/0013-4694(87)90141-6 

Price, C. J. (2000). The anatomy of language: contributions from functional 
neuroimaging. /. Anat. 197, 335-359. doi: 10.1046/j.l469-7580.2000.19730335.x 

Price, C. J., and Mechelli, A. (2005). Reading and reading disturbance. Curr. Opin. 
Neurobiol. 15, 231-238. doi: 10.1016/j.conb.2005.03.003 

Proverbio, A. M., Vecchi, L., and Zani, A. (2004). From orthography to phonet- 
ics: ERP measures of grapheme-to-phoneme conversion mechanisms in reading. 
/. Cogn. Neurosci. 16, 301-317. doi: 10.1162/089892904322984580 

Proverbio, A. M., and Zani, A. (2003). Time course of brain activation during 
graphemic/phonologic processing in reading: an ERP study. Brain Lang. 87, 412- 
420. doi: 10.1016/S0093-934X(03)00139-1 

Proverbio, A. M., Zani, A., and Adorni, R. (2008). The left fusiform area is 
affected by written frequency of words. Neuropsychologia 46, 2292-2299. doi: 
10.1016/j.neuropsychologia.2008.03.024 

Rapcsak, S. Z., Beeson, P. M., Henry, M. L., Leyden, A., Kim, E., Rising, K., etal. 
(2009). Phonological dyslexia and dysgraphia: cognitive mechanisms and neural 
substrates. Cortex 45, 575-579. doi: 10.1016/j.cortex.2008.04.006 

Ridderinkhof, K. R., Van Den Wildenberg, W. P., Segalowitz, S. J., and 
Carter, C. S. (2004). Neurocognitive mechanisms of cognitive control: the 
role of prefrontal cortex in action selection, response inhibition, perfor- 
mance monitoring, and reward-based learning. Brain Cogn. 56, 129-140. doi: 
10. 1016/j.bandc.2004.09.0 1 6 

Rissman, J., Eliassen, J. C, and Blumstein, S. E. (2003). An event-related fMRl 
investigation of implicit semantic priming. /. Cogn. Neurosci. 15, 1 160-1 175. doi: 
10.1 162/089892903322598 120 

Rodriguez-Fornells, A., Balaguer, R. D., and Munte, T. F. (2006). Executive control 
in bilingual language processing. Lang. Learn. 56, 133-190. doi: 10.1111/j.l467- 
9922.2006.00359.x 

Rodriguez-Fornells, A., Van Der Lugt, A., Rotte, M., Britti, B., Heinze, H. J., and 
Munte, T. F. (2005). Second language interferes with word production in fluent 
bilinguals: brain potential and functional imaging evidence. /. Cogn. Neurosci. 17, 
422^33. doi: 10.1162/0898929053279559 

Rosazza, C, Cai, Q., Minati, L., Paulignan, Y., and Nazir, T. A. (2009). Early involve- 
ment of dorsal and ventral pathways in visual word recognition: an ERP study. 
Brain Res. 1272, 32-44. doi: 10.1016/j.brainres.2009.03.033 

Roux, E-E., Durand, l.-B., Jucla, M., Rehault, E., Reddy, M., and Demonet, ). 
R (2012). Segregation of lexical and sub-lexical reading processes in the left 
perisylvian cortex. PLoS ONE 7:e50665. doi: 10. 1371/journal.pone. 0050665 

Rugg, M. D. (1984). Event-related potentials and the phonological processing 
of words and non-words. Neuropsychologia 22, 435-443. doi: 10.1016/0028- 
3932(84)90038-1 

Rugg, M. D., and Barrett, S. E. (1987). Event-related potentials and the interaction 
between orthographic and phonological information in a rhyme-judgment task. 
Brain Lang 32, 336-361. doi: 10.1016/0093-934X(87)90132-5 

Sereno, S. C, Rayner, K., and Posner, M. I. (1998). Establishing a time-line of 
word recognition: evidence from eye movements and event-related potentials. 
Neuroreport 9,2195-2200. doi: 10.1097/00001756-199807130-00009 

Seymour, P. H., Aro, M., and Erskine, J. M. (2003). Poimdation Uteracy 
acquisition in European orthographies. Br. J. Psychol. 94, 143-174. doi: 
10.1348/000712603321661859 

Simon, G., Bernard, C., Lalonde, R., and Rebai, M. (2006). Orthographic trans- 
parency and grapheme-phoneme conversion: an ERP study in Arabic and French 
readers. Brain Res. 1104, 141-152. doi: 10.1016/i.brainres.2006.05.071 



Simon, G., Bernard, C., Largy, P., Lalonde, R., and Rebai, M. (2004). Chronom- 
etry of visual word recognition during passive and lexical decision tasks: an 
ERP investigation. Int. J. Neurosci. 114, 1401-1432. doi: 10.1080/002074 
50490 

Scares, C, and Grosjean, F. (1984). Bilinguals in a monolingual and a bilin- 
gual speech mode - the effect on lexical access. Mem. Cogn. 12, 380-386. doi: 

10.3758/Bf03198298 

Tibshirani, R., Walther, G., and Hastie, T. (2001 ). Estimating the number of clusters 
in a dataset via the gap statistic. /. R. Stat Soc. 32, 411-423. doi: 10.1111/1467- 
9868.00293 

Timmer, K., Vahid-Gharavi, N., and Schiller, N. O. (2012). Reading aloud in Persian: 
ERP evidence for an early locus of the masked onset priming effect. Brain Lang. 
122, 34-41. doi: 10.1016/j.bandl.2012.04.013 

t^ovara. A., Murray, M. M., Michel, C. M., and De Lucia, M. (2012). A tutorial 
review of electrical neuroimaging from group-average to single-trial event-related 
potentials. Dev. Neuropsychol. 37, 518-544. doi: 10.1080/87565641.2011.636851 

Vergara-Martinez, M., Perea, M., Gomez, P., and Swaab, T. Y. (2013). ERP correlates 
of letter identity and letter position are modulated by lexical frequency. Brain 
Lang 125, 11-27. doi: 10.1016/j.bandl.2012.12.009 

Wheat, K. L., Comelissen, P. L., Frost, S. J., and Hansen, P. C. (2010). During visual 
word recognition, phonology is accessed within 100 ms and may be mediated by 
a speech production code: evidence from magnetoencephalography. /. Neurosci. 
30, 5229-5233. doi: 10.1523/JNEUROSCI.4448-09.2010 

Wilson, T. W., Leuthold, A. C, Moran, ). E., Pardo, P J., Lewis, S. M., and Geor- 
gopoulos, A. P. (2007). Reading in a deep orthography: neuromagnetic evidence 
for dual-mechanisms. Exp. Brain Res. 180, 247-262. doi: 10.1007/s00221-007- 
0852-0 

WooUams, A. M., Ralph, M. A., Plaut, D. C., and Patterson, K. (2007). SD-squared: 
on the association between semantic dementia and surface dyslexia. Psychol. Rev. 
114,316-339. doi: 10.1037/0033-295X.114.2.316 

Xu, B., Grafman, J., Gaillard, W. D., Ishii, K., Vega-Bermudez, E, Pietrini, P., etal. 
(2001). Conjoint and extended neural networks for the computation of speech 
codes: the neural basis of selective impairment in reading words and pseudowords. 
Cereb. Cortex 11, 267-277. doi: 10.1093/cercor/11.3.267 

Yum, Y. N., Holcomb, P. J., and Grainger, J. (2011). Words and pic- 
tures: an electrophysiological investigation of domain specific processing in 
native Chinese and English speakers. Neuropsychologia 49, 1910-1922. doi: 
10.1016/j.neuropsychologia.2011.03.018 

Zaretskaya, N., Anstis, S., and Bartels, A. (2013). Parietal cortex medi- 
ates conscious perception of illusory gestalt. /. Neurosci. 33, 523-531. doi: 
10.1523/JNEUROSCL2905-12.2013 

Zhang, S., and Thompson, N. (2004). DIALANG: a diagnostic language assessment 
system (review). Can. Mod. Lang Rev. 61, 290-293 doi: 10.1353/cml.2005.0011 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 

Received: 11 June 2013; accepted: 03 February 2014; published online: 20 February 
2014. 

Citation: Buetler KA, de Leon Rodriguez D, Laganaro M, Miiri R, Spierer LandAnnoni 
J-M (2014) Language context modulates reading route: an electrical neuroimaging 
study. Front. Hum. Neurosci. 8:83. doi: 10.3389/fnhum.2014.00083 
This article was submitted to the journal Frontiers in Human Neuroscience. 
Copyright © 2014 Buetler, de Leon Rodriguez, Laganaro, MUri, Spierer and Annoni. 
This is an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums is 
permitted, provided the original author(s) or licensor are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. No 
use, distribution or reproduction is permitted which does not comply with these terms. 



Frontiers in Human Neuroscience 



www.frontiersin.org 



February 2014 | Volume 8 | Article 83 | 16 



